resistivity). The ozone mixing ratio and RH were monitored by a UV photometric O 3 analyzer (Thermo Model 49i) and a hygrometer (Vaisala, U.S.A.), respectively, from the outlet flow. (Fig. S3) . The instrumental set-up has been described in detail in our previous work (1) . In brief, the capillary holder was placed on a motorized rail between the ion source and mass spectrometry inlet at a speed of 0.3 mm s -1 . Helium (~3.0 slpm) was heated to ~500 °C and used as the DART source. A Vapur Interface (IonSense Inc., Saugus, MA) with a ceramic inlet was mounted between the DART source and the MS inlet. A diaphragm pump was connected to the interface and a total flow of ~3.8 slm through the ceramic tube was adjusted. The MS (JMS-T100LC time-of-flight mass spectrometer, JEOL USA Inc., Peabody, MA) was operated under positive mode with a mass resolution of ~6000 at m/z 600. Test experiments show that there is no interference from the coating materials in BaP and BES analysis.
DART-MS Analysis of BaP. BaP and BES were analyzed by DART-MS

Kinetic Model and Parameters
The kinetic multi-layer model for aerosol surface and bulk chemistry (KM-SUB) ( 2) was applied to analyze the experimental data. KM-SUB consists of multiple model compartments and layers, respectively: gas phase, near-surface gas phase, sorption layer, quasi-static surface layer, near-surface bulk, and a number of n bulk layers. n was set to one for the BaP-BES system ( Fig.  1 ) and two for BaP-organic oil systems (Fig. 3 ). For phase-separated α-pinene and BaP mixtures, the BaP-rich phase was treated with one layer, while the SOA-rich phase was treated with six layers (Fig. 2) . KM-SUB treats gas-surface transport (reversible adsorption) of ozone, surface reaction, bulk diffusion of ozone and BaP, and bulk reaction between ozone and BaP. Surface reactions were treated with decomposition of ozone and formation of long-lived reactive oxygen intermediates (ROI; e.g., O atoms) (3). The weakly-bound physisorbed O 3 molecule can be desorbed thermally to the gas phase with a desorption lifetime of nanoseconds, or it can overcome an activation barrier (E a,pc ), undergo dissociation and enter into a state of stronger binding to the surface. The second activation barrier (E a,ox ) is the reaction between ROI and BaP to form stable oxidation products. The conversion of ROI to physisorbed ozone by surface reactions of ROI with adsorbed O 2 was also considered.
Bulk diffusion fluxes are treated with first-order transport velocities based on bulk diffusion coefficients. For mass transport fluxes in different phases in phase-separated cases, the first-order exchange rate coefficients were derived considering mass transport between two phases at equilibrium (4). For bulk diffusion of O 3 and BaP in a product layer (i.e., surface crust), bulk diffusion coefficients were described by the Vignes-type equation (5, 6) :
fs *(D X,oil ) 1-fs , where f s is the mole fraction of the product, D X,P and D X,oil are the bulk diffusion coefficients of X (O 3 or BaP) in pure products and pure organic oils, respectively. The temporal evolution of bulk diffusivities is shown in Fig. S2 . It shows that bulk diffusion coefficients of ozone and BaP decrease by several orders of magnitude during the time span from 10 -200 s, when viscous effects start to become important.
The initial concentrations of O 3 at the surface and in the bulk were set to zero. The initial surface and bulk concentrations of BaP were dependent on the composition of the film mixture. The film mixtures were composed of BES, BaP, and organics (α-pinene SOA, squalane, linoleic acid, or cooking oil) with the absolute amount of 0.5, 1, and 10 ng, respectively, as used in the experiments. For phase-separated BaP and α-pinene SOA mixtures, the initial amounts of BaP in the BaP-rich and α-pinene SOA-rich phases were set to 0.65 ng and 0.35 ng at RH <5%, 0.90 and 0.10 ng at 50% RH, and 1.0 ng and 0 ng (i.e., complete phase separation), respectively, based on AIOMFAC model predictions. Bulk concentrations were calculated using molar mass and density of each chemical component and for α-pinene SOA we assumed 250 g mol -1 and 1.4 g cm -3 , respectively. The density and the average molar mass of cooking oil were assumed to be 0.9 g cm -3 and ~600 -800 g mol -1 , respectively. The surface concentrations were calculated from multiplying the thickness of a monolayer at the surface with the bulk concentrations.
The molecular depth of BaP is 0.3 nm (7). For the base case scenario in Fig. 1 , we set the film thickness to be 0.61 nm, corresponding to approximately double layer of BaP on half of the surface area of the capillary. Due to non-uniform deposition of materials, the film thickness was varied in the model to explore its impact on simulation results. For example, KM-SUB can still reproduce the experimental data with the film thickness set to ~ 6 nm by increasing D BaP by about two orders of magnitude.
The temporal evolution of the number of BaP molecules was modeled by numerically solving the differential equations for the mass balance of each model compartment with Matlab (ode23tb solver with 999 time steps). The thermal velocity of ozone (ω O3 ) is 3.6×10 4 cm s -1 at 298 K and the surface accommodation coefficient of ozone on adsorbate-free surface (α s,0,O3 ) is set to 1 based on previous studies (3, 8) . Other required input kinetic parameters are summarized in Table S1 , including the desorption lifetime of ozone (τ d,O3 ), the Henry's law constant for ozone (K sol,cc ) into the organic solution, the bulk diffusion coefficient of ozone (D O3 ). K sol,cc into organics generally lies between ~ 10 -4 -10 -3 mol cm -3 atm -1 (5,9-11). Molecular dynamics simulations suggest τ d,O3 should be on the order of nanoseconds (8) . The second-order bulk reaction rate coefficient between BaP and ozone (k BR ) and activation energies (E a,pc , E a,ox ) are estimated based on previous studies (3, 12, 13) . For BaP in linoleic acid and cooking oil films, surface and bulk reactions between unsaturated fatty acids and ozone (k SLR,O3,oil , k BR,O3,oil ) were included, which were reported to be within ~ 10 -15 -10 -11 cm 2 s -1 and ~ 10 -17 -10 -15 cm 2 s -1 , respectively (2,11,14-16). These parameters and bulk diffusion coefficients of BaP in different matrices were varied in reported ranges to obtain optimal values to best fit the experimental data.
Note that some kinetic parameters were found to be co-dependent or non-orthogonal with other parameters, including the first-order rate coefficient of ROI formation from O 3 (k SLR,O3 ) and τ O3 , second-order rate coefficient for surface layer reaction between ROI and O 2 (k SLR,O,O2 ) and τ O2 (< 10 -8 s), as well as the reaction rate coefficient between ROI and BaP (k SLR,BaP,ROI ) and that between ROI and O 2 (k SLR,O2,ROI ). Sensitivity studies revealed D BaP , K sol,cc , and k BR,BaP,O3 can be mutually adjusted to fit the experiment data which were also observed in previous studies (5, 17, 18) . This indicates that certain pairs of kinetic parameters could lead to the same model output and such parameters may not be determined uniquely. Nevertheless, the model is still constrained to experiments and our main conclusion that crust formation and diffusion limitations will extend the lifetime of BaP is not affected.
To identify limiting steps of BaP ozonolysis, the following three properties were calculated that are fundamental to reactive uptake (19) : a) The ratio of surface and total loss rates of BaP (STLR) to distinguish the reaction location between the particle (or film) surface (STLR ≈ 1) and the bulk (STLR ≈ 0); b) Surface saturation ratio (SSR) of ROI to determine the abundance of ROI at the surface; c) Mixing Parameter (MP BaP ) as the ratio of BaP concentration at the surface and at the bottom of the bulk to indicate bulk concentration gradient. In the BaP film case, STLR and SSR approach ~ 0.9 -1 within a minute indicating the reaction is limited by surface reactions including ROI formation and subsequent reactions of BaP with ROI. At longer reaction times, MP BaP approaches ~ 0.01 while STLR and SSR still retain a high value of ~ 0.8, indicating that the surface is deprived of BaP as limited by bulk diffusion of BaP from the film interior to the surface. In the case of the organic oil film, the value of STLR remains high, while MP BaP decreased from 1 to less than 0.1 after ~10 3 s. This indicates that surface crust formation suppresses bulk diffusion of BaP to surface to retard surface reactions. 
Prediction of equilibrium phase compositions
Multicomponent liquid mixtures (of low to high viscosity) containing organic components of sufficient variability in polarity, as approximated e.g. by carbon oxidation state or O:C ratio, and molar mass, may phase separate into at least two phases of distinct compositions at thermodynamic equilibrium. This can be amplified by the presence of dissolved inorganic ions (salting-out effect), yet dissolved ions are not a necessary driver of phase separation. Furthermore, the difference in phase compositions and the associated higher affinity of a certain organic compound, like BaP, for one of the phases, may vary with aerosol water content, which is linked to the water activity and RH under equilibrium conditions (20) .
The Aerosol Inorganic-Organic Mixtures Functional groups Activity Coefficients (AIOMFAC) thermodynamic group-contribution model, described elsewhere in detail (21-23), was used to estimate the degree of non-ideal mixing among condense-phase species and to consider the potential for liquid-liquid phase separation within the PAH/organics/water system as a function of equilibrium relative humidity. Here we employ a liquid-liquid equilibrium (LLE) model using the algorithm by Zuend and Seinfeld (2013) (23) , which predicts the phase compositions of up to two liquid phases for a given overall composition of a mixture based on the activity coefficients computed by AIOMFAC for each individual phase. Since the groupcontribution approach within AIOMFAC requires the chemical structures and overall abundances of the mixture components to be known on a functional group level, we introduced a set of surrogate systems to represent BaP, BES, a selection of their oxidation products, as well as α-pinene SOA, squalane, linoleic acid, and cooking oil (as triolein). These surrogate systems and the considered input concentrations used for the LLE modeling are summarized in Tables S2 and  S3 . While some of the components in these systems are semi-volatile and, hence, will equilibrate with the gas phase over time, the input compositions given in Tables S2 and S3 are the overall molar compositions of the liquid (amorphous) phases (prior to a potential phase separation) and this "dry" composition was held fixed while the mole-fraction-based water activity (and related particle water content) was varied over the range from 0 to 99 % at T = 298.15 K and 101.325 kPa total pressure; see Figs. 2, 3, S1. The molar input concentrations were determined such that they mirror the mass mixing ratios used in the corresponding laboratory experiments. From an estimation of the pure-component liquid-state vapor pressures of the different compounds by the EVAPORATION model (24) the expected equilibrium gas phase concentrations were computed as well, but these are of little relevance in this study in the context of the comparison with experimental data for the condensed phase particles or thin films. The AIOMFAC-based LLE model predictions for the equilibrium phase compositions of liquid particle phases α and β, as well as associated component activity coefficients, were then used as input parameters to constrain the kinetic model simulations with KM-SUB. Fig. S1 . The predicted phase compositions in mass fractions for mixtures of BaP and BaP oxidation products (BaP-6,2-dione, BaP-derived carboxylic acid, 6,12-dihydroxy BaP) with (a) linoleic acid and (b) triolein (surrogate of cooking oil), after half of the BaP is degraded. Liquidliquid phase equilibrium calculations with AIOMFAC predict for all RH (or water activities) that the BaP oxidation products are immiscible in organic oils. For both systems, phase separation is predicted to occur as shown in the upper and lower frames. 
